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Edited by Richard CogdellAbstract Although Vitreoscilla hemoglobin (VHb) carries a
conventional globin fold, its proximal site geometry is unique
in having a hydrogen-bonding network between proximal site
residues, HisF8-TyrG5-GluH23 and TyrG5-TyrH12. TyrG5
and TyrH12 were mutated to study their relevance in VHb func-
tion. VHb G5 mutants (Tyr95Phe and Tyr95Leu showed no sta-
ble oxyform and nitric oxide dioxygenase activity, whereas, VHb
H12 mutants (Tyr126Phe and Tyr126Leu) displayed little
change in their oxygen aﬃnity indicating a crucial role of
Tyr95 in protein function. The VHb H12 mutant, Tyr126Leu,
enhanced the intracellular pool of oxygen and cell growth better
than VHb. Molecular modeling suggests that the replacement of
tyrosine with leucine in Tyr126Leu creates an opening on the
protein surface that may facilitate oxygen diﬀusion and
accumulation.
 2008 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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The hemoglobin (VHb) from the bacterium Vitreoscilla pro-
vides an interesting model system to understand novel aspects
of hemoglobin structure–function in unicellular organisms. It
has been speculated, based on its oxygen-binding kinetics
and high-level production under hypoxic conditions, that one
of VHbs functions in Vitreoscilla, which is an obligate aerobe
but is found naturally in oxygen poor habitats, is to facilitate
oxygen ﬂux to the respiratory chain [1–3]. X-ray crystallogra-
phy of VHb has revealed that the organization of its distal and
proximal sites is diﬀerent from eukaryotic Hbs [4]. Its oxygen-
binding site lacks a deﬁned structure and the E7 (Gln53)
residue, usually involved in ligand binding in hemoglobins, is
oriented away from the heme cavity. Therefore, the usual
distal E7 gate for entry and exit of ligands to and from the
distal pocket is not present. The distal site conformation of
VHb is partially stabilized by hydrogen bonding involving
Tyr29(B10), Gln53(E7), Pro54(E8) and Lys55(E9), making*Corresponding author. Fax: +91 172 2690585/63.
E-mail address: kanak@imtech.res.in (K.L. Dikshit).
0014-5793/$34.00  2008 Federation of European Biochemical Societies. Pu
doi:10.1016/j.febslet.2008.09.018the distal site relatively crowded for ligand entry and exit.
The TyrB10-GlnE7 pair, known to confer high oxygen aﬃnity
to some invertebrate and microbial Hbs [5], may not, there-
fore, have the same eﬀect on VHb function. Site directed muta-
genesis of distal site residues of VHb has conﬁrmed that GlnE7
does not participate in stabilization of bound oxygen [6], and
substitution of the E8 proline (which disrupts the structure
of the E helix) with alanine does not signiﬁcantly change the
kinetics of oxygen binding [7]. Thus, other factors may be
responsible for regulating the ligand binding properties of
VHb.
The proximal heme site geometry of VHb is also very dis-
tinct and resembles that of the globin domain of ﬂavohemoglo-
bins (ﬂavoHbs). Both VHb and ﬂavoHbs display a 90
rotation of the imidazole ring of proximal histidine His85(F8),
creating a unique hydrogen bonding network between Fe-
His85(F8)-Glu137(H23)-Tyr95(G5) which has been proposed
to aﬀect the midpoint potential and change the redox proper-
ties of the heme iron [4,8]. In addition, Tyr95(G5) is hydrogen
bonded with Tyr126(H12) and constitutes a part of this net-
work. The present study represents the ﬁrst investigation of
the eﬀects of these proximal site interactions on VHb struc-
ture–function relationships.2. Materials and methods
2.1. Bacterial strains and plasmids
Escherichia coli JM109, DH5a and YCM10, along with its Hmp-
deﬁcient (D hmp) strain, RB 9060 [9], were used for cloning and expres-
sion of the VHb gene (vgb). Plasmids pUC8: 16 [2] or pNKD1 [7], both
bearing vgb, were utilized for wild-type VHb expression. Growth of E.
coli strains was measured in Luria Bertani (LB) or minimal medium
[10] at 37 C. For high aeration, cells were grown in baﬄed ﬂasks ﬁlled
to one-ﬁfth of their volumes and shaken at 250 rpm. Low oxygen
growth was in non-baﬄed ﬂasks ﬁlled to four-ﬁfths of their volumes
with medium and shaken at 100 rpm.
2.2. Site directed mutagenesis, cloning, expression and puriﬁcation of
VHb mutants
Mutations in vgb were introduced using the PCR based overlap
extension method as described previously [7]. Primers used for this pur-
pose are listed in the Supplementary data. For the co-expression of
VHb along with XylE, genes encoding wild-type or Tyr126Leu mutant
VHbs, in each case with the native vgb promoter, were PCR ampliﬁed
and cloned into the xylE expression plasmid pVDX18 [11] at its Hin-
dIII site to construct recombinant plasmids pxylE-VHb and pxylE–
H12Leu (carrying wild-type and Tyr126Leu vgbs, respectively). These
were transformed into E. coli, and recombinant VHbs were puriﬁed
following previously described methods [6,7].blished by Elsevier B.V. All rights reserved.
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The oxygen dissociation constants of mutant VHbs were determined
in vivo as described earlier [6,7]. Brieﬂy, overnight cultures of E. coli
expressing mutant or wild-type VHbs were harvested and resuspended
in 0.05 M phosphate buﬀer (pH 7.5) containing 0.25 M sucrose. Fif-
teen milliliters of this cell suspension was aerated vigorously for
1 min and sealed with Paraﬁlm in a ﬂat-bottomed glass tube containing
a magnetic stirring bar and an oxygen probe. The tube was then in-
serted into a Hitachi Perkin–Elmer UV–Visible spectrophotometer to
monitor the change in absorbance at 435 nm when the hemoglobin
changed from the oxygenated to the deoxygenated form. Simulta-
neously, the change in the dissolved oxygen concentration was mea-
sured by connecting the oxygen probe to a Yellow Springs                   AAAAAAAAAAAAAAA BBBBB
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Fig. 1. Structural features of VHb and related bacterial hemoglobins. (A)
bacterial hemoglobins and globin domains of some ﬂavoHbs. The conserved
proximal heme pocket of VHb showing residues involved in hydrogen bondin
given in brackets: Clostridium perfringens (C. perfringens), Campylobacter jej
(E. coli), Ralstonia eutropha (R. eutropha).Instruments Model 55 oxygen monitor. The oxygen concentration at
which the amounts of oxygenated and deoxygenated forms of the
protein are equal is the Kd of the protein. In vivo concentrations of
VHb were determined by CO-diﬀerence spectra of whole cells using
E419–435 = 274 mM
1 cm1 [2].
2.4. Fourier transform-infrared spectroscopic studies
Spectra of carbonyl forms of VHb and VHb mutants were recorded
with an FT-IR Spectrophotometer (Perkin–Elmer, Spectrum B·2000)
at room temperature in CaF2 IR cuvettes (path length of 0.025 mm).
Puriﬁed proteins (2–3 mM) were reduced with sodium dithionite, and
bubbled with CO for 2 min before transferring to the cuvette.BBBBBBBBBB CCCCCCC    EEEEEEEEEEEEEE
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TAHFYDRMFTHNPELKEIFNMSNQRNGDQREALFNA
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Amino acid sequence alignment of VHb with related single domain
residues at topological regions are highlighted. (B) Ribbon diagram of
g within the proximal site. Abbreviations used for bacterial species are
uni (C. jejuni), Saccharomyces cerevisiae (S. cerevisiae), Escherichia coli
Table 1
Ligand binding aﬃnities of proximal site mutants of VHb
VHb Kd (lM)
a
VHb (WT) 5.2 ± 1.4
VHb Tyr95Pheb –
VHb Tyr95leub –
VHb Tyr126Phe 12.6 ± 1.1
VHb Tyr126Leu 15.4 ± 1.6
aValues (±S.D.) are averages of three independent experiments.
bCould not be determined due to high rate of auto-oxidation and/or
unstable oxyform.
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A Clark type oxygen and NO electrode (World Precision Instru-
ments) were used to measure oxygen and NO uptake by whole cells
or cell extracts as described earlier [9]. Saturated solutions of NO were
prepared following a published procedure [12] and NO uptake was
measured from cells suspended in 2 ml of 50 mM potassium phosphate
(pH 7.8) containing 1 lM NO and 100 lM NADH.
2.6. Determination of b-lactamase and CDO (catechol 2,3-dioxygenase)
activities
b-Lactamase activity was determined utilizing chromogenic cephalo-
sporin nitroceﬁn as a substrate following the published procedure [13].
The change in absorbance at 482 nm was recorded at room tempera-
ture, and b-lactamase activity was expressed on the basis of total sol-
uble protein. CDO activity was assayed by the method of Konyecsni
et al. [11]. Protein concentration was determined by the method of
Bradford [14].
2.7. Structural analysis and molecular modeling
Molecular modeling and structural analysis of VHb and its mutants
was done by obtaining the structure data ﬁle of VHb (PDBID: 1vhb).
Mutants of VHb were created in silico by replacing Tyr126 with leucine
(Tyr126Leu) or phenylalanine (Tyr126Phe) in 1vhb. The two most
populated rotameric conformations (Tyr126Leu1 and Tyr126Leu2,
having conﬁgurations gt and tg, respectively) of the leucine side chain
have been taken as suggested in pymol version V0.99 [15]. These two
diﬀerent conformations of Tyr126Leu VHb were subjected to energy
minimization. The calculations were performed in the implicit General-
ized Born model with no cutoﬀ. Steepest Descent (5000 steps) and con-
jugate gradient techniques were used with a termination criterion of
0.01 A˚. The calculations were performed in Discovery Studio version
1.5 (Accelrys Inc.) software employing CHARMm force ﬁeld. The
quick surfaces of the wild-type and mutants were created in INSIGHT-
II (Accelrys Inc.).Table 2
FT-IR Spectral characteristics of wild-type and proximal site mutants
of VHb liganded with carbon monoxide
VHb Peaks in IR
Spectrum
(cm1)
Half bandwidth
(cm1) of major
IR peak
Soret peak
in visible
spectrum
(nm)
VHb (WT) 1963, 1911 8.0 419
VHb (Tyr95Phe) 1956 16.3 419
VHb (Tyr95Leu) 1955 (1889, 1811) 18.6 419
VHb (Tyr126Phe) 1961 6.4 419
VHb (Tyr126Leu) 1960 4.0 4193. Results
3.1. Spectral and ligand binding characteristics of VHb mutants
Tyrosine residues at the G5 and H12 positions in VHb
were mutated anticipating that changes in Tyr95(G5) might
disrupt the hydrogen bonding network, i.e., Fe-His-Glu-Tyr
tetra-interactions, and bonding between Tyr95(G5) and
Tyr126(H12) within the proximal heme pocket (Fig. 1B),
while mutations at Tyr126(H12) might disrupt only
Tyr95(G5)-Tyr126(H12) bonding. VHb mutants Tyr95Phe
and Tyr95Leu carry phenylalanine and leucine, respectively,
at the G5 position. Tyrosine at the H12 position was replaced
with phenylalanine and leucine, creating VHb mutants
Tyr126Phe and Tyr126Leu, respectively. These proximal site
mutants were cloned and expressed in E. coli. Primary spec-
troscopic studies indicated distinct diﬀerences in their spectral
properties (see Supplementary data). The H12 mutants
(Tyr126Phe and Tyr126Leu) were present predominantly in
the oxygenated form, similar to wild-type VHb. In contrast,
spectra of the G5 mutants (Tyr95Phe and Tyr95Leu) indi-
cated the presence of mainly met-VHb, which was converted
to oxyVHb a few minutes after the addition of NADH; the
Soret peaks of these mutants decreased gradually at room
temperature, indicating a rapid rate of auto-oxidation. By
comparison, the intensities of the Soret peaks of wild-type
VHb and the Tyr126Phe and Tyr126Leu mutants remained
unchanged. These results indicate that, in contrast to H12
mutants and wild-type VHb, VHb G5 mutants are unable
to form a stable oxygenated state. The oxygen aﬃnities of
the TyrG5 mutants could not be measured, due to their rapid
auto-oxidation in the presence of oxygen. In contrast, only amarginal decrease in oxygen aﬃnity was observed for both
H12 mutants (Table 1).
3.2. FT-IR spectra of VHb mutants
Infrared spectroscopy of CO adducts of wild-type VHb and
VHb mutants was performed to compare their carbonyl stretch
bands for indications of possible changes in their heme envi-
ronments. The spectrum of the carbonyl form of wild-type
VHb exhibited two distinct peaks, the major one at
mco = 1963 cm
1 having Dm½ = 8.0 cm
1 (Table 2), whereas
VHb G5 mutants Tyr95Phe and Tyr95Leu showed carbonyl
stretch bands at 1956 and 1955 cm1, respectively, each having
a 2–3-fold larger half bandwidth. The absorption maxima
shifts in these mutants suggest that there is a lowering of their
bonding energies and larger half bandwidths suggest a more
open heme pocket in the mutants. The presence of smaller
peaks at 1889 cm1 and 1867 cm1 in the Tyr95Leu mutant
may be due to its diﬀerent conformational states. FT-IR spec-
tra of VHb H12 mutants Tyr126Phe and Tyr126Leu exhibited
single peaks at 1961 cm1 and 1960 cm1, respectively, which
correspond to the major peak for wild-type VHb. The band-
widths of both peaks were narrower than for wild-type VHb,
however, suggesting in each case the presence of one confor-
mational state and less randomness in the environment of
the heme pocket (Table 2).
3.3. NO binding and nitric oxide dioxygenase (NOD) activities
of VHb mutants
Since VHb displays a moderate level of NOD activity [9], we
checked the eﬀect of the proximal site mutations on NOD
function. An hmp mutant of E. coli that has neither indigenous
NO uptake nor NOD activity and is sensitive to NO and nitro-
sating agents was used to express all VHb mutants along with
wild-type VHb and their speciﬁc NO consumption activities
were determined (Table 3). Distinct NO uptake was displayed
by cells expressing both VHb H12 mutants and wild-type
Table 3
NO dioxygenase activity of proximal site mutants of VHb
Strains (VHb/VHb mutants) Heme contenta
(pmole/108 cells)
NO-dioxygenase activity a
(nmole of NO heme1 s1)
Escherichia coli RB9096 b 2.6 ± 0.4 0.02 ± 0.0
E. coli RB9096 (VHb WT) 114.6 ± 12.1 0.61 ± 0.05
E. coli RB9096 (VHb Tyr95Phe) 125.3 ± 11.3 0.04 ± 0.03
E. coli RB9096 (VHb Tyr95Leu) 112.1 ± 15.7 0.05 ± 0.02
E. coli RB9096 (VHb Tyr126Phe) 119.9 ± 20.3 0.86 ± 0.01
E. coli RB9096 (VHbTyr126Leu) 116.8 ± 15.1 0.94 ± 0.03
aValues (±S.D.) are averages of three independent experiments.
bE. coli RB9096 (1) lacks hmp and indigenous NOD activity.
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ing the two VHb G5 mutants. This further substantiates the
importance of TyrG5 in VHb function. NOD activity of
VHb H12 mutants was nearly 1.5-fold higher than wild-type
VHb, indicating that the disruption of TyrG5-TyrH12 bond-
ing within the proximal site did not drastically alter the heme
pocket structure and function but might have generated some
minor change/rearrangement or a that in turn improves its
interactions with oxygen and NO. Alternatively, the increased
NOD activity in these VHb mutants might also arise due to a
change in the ability of heme bound oxygen to interact with
NO.
3.4. Eﬀects of VHb mutants on cell physiology
The physiological responses of E. coli expressing VHb and
VHb mutants were also compared. Diﬀerences in growth of
VHb mutant expressing cells relative to control cells became
apparent after approximately 8–10 h of cultivation under aer-
obic conditions, when the level of oxygen in the growth med-
ium drops signiﬁcantly and induction of VHb biosynthesis
occurs. The strains expressing VHb G5 mutants Tyr95Phe
and Tyr95Leu grew slowly and displayed lower oxygen uptake
than the strains expressing wild-type VHb. In contrast, strains
expressing VHb H12 mutants Tyr126Phe and Tyr126Leu dis-
played distinct increases in cell growth, oxygen uptake and
biomass production compared to the isogenic strain expressing
wild-type VHb. The maximum increase in growth rate and bio-
mass was obtained in the case of the strain expressing the
Tyr126Leu mutant (Table 4), both under high and low aera-
tion. A modest increase in the respiratory activities of cells car-
rying the Tyr126Phe and Tyr126Leu mutants was also
observed, but not for cells expressing the VHb G5 mutants
(Tyr95Phe and Tyr95Leu). SDS–PAGE and densitometric
analysis of protein proﬁles of strains expressing various VHbTable 4
Eﬀect of VHb proximal site mutants on metabolic activities of E. coli
Strains (VHb) Respiration (oxygen uptake) (lm O2
E. coli DH5a (none) 7.1 ± 1.2
E. coli DH5a (WT) 9.1 ± 1.5
E. coli DH5a (Tyr95Phe) 8.8 ± 1.3
E. coli DH5a (Tyr95Leu) 7.9 ± 1.1
E. coli DH5a (Tyr126Phe) 9.6 ± 1.5
E. coli DH5a (Tyr126Leu) 9.9 ± 1.4
*Biomass indicates relative value of cell mass (weight) calculated from three
cultures; all respiration values (±S.D.) are also averages of three independenmutants indicated that both wild-type VHb and VHb mutants
constitute 8–10% of total cellular protein.
Since, compared to wild-type VHb, VHb H12 mutants en-
hanced growth of E. coli, we investigated how expression of
these mutants would aﬀect cellular oxygen levels and recombi-
nant protein production in these strains. b-lactamase was cho-
sen as one example, as it is encoded on the vgb-bearing
plasmids. XylE was chosen as another marker protein, as it en-
codes catechol 2,3-dioxygenase (CDO). CDO has decreased
activity and stability when exposed to high levels of oxygen
[16], so that its oxygen sensitive nature might serve as a mea-
sure of intracellular oxygen levels. First we compared b-lacta-
mase activities of E. coli expressing wild-type VHb and H12
mutants Tyr126Phe and Tyr126Leu under both high and low
aeration. The level of b-lactamase in E. coli expressing both
mutants was 2–3-fold higher under high aeration than cells
expressing wild-type VHb (Table 5). Under low aeration this
diﬀerence increased to 4–5-fold (data not shown). The maxi-
mum yield under both aeration conditions occurred for the
Tyr126Leu mutant.
To check whether this was due to any change in the level of
intracellular oxygen, we monitored CDO activity of cells co-
expressing XylE and either wild-type VHb or the VHb Tyr126-
Leu mutant. Cells were grown in rich medium (LB), where
VHb constitutes 8–10% of total cellular protein, and also in
minimal medium, where VHb accounts for only 3–4% of total
cellular protein. Cells expressing the Tyr126Leu mutant in LB,
although able to attain higher ﬁnal cell densities, had signiﬁ-
cantly lower CDO activity when compared to control cells
and cells expressing wild-type VHb at both high and low aer-
ation (Fig. 2A and C). Surprisingly, when these cells were
grown in minimal medium, where accumulation of VHb within
the cell was several fold lower, CDO activity increased sharply
in comparison to the control cells expressing only XylE or/min/108 cells) Biomass (relative %) *
High aeration Low aeration
100 100
110 125
105 98
101 95
120 133
126 136
independent experiments using one liter of stationary phase (18 h old)
t experiments.
Table 5
b-Lactamase activities of E. coli expressing wild-type and mutant VHbs
E. coli DH5a
(expressing VHb protein)
Growth in LB Growth in minimal medium
Heme content
pmole/mg protein
b-Lactamase activity
pmole/mg protein
Heme content
pmole/mg protein
b-Lactamase activity
pmole/mg protein
Control (none) 23.4 ± 5.5 11.6 ± 3.8 14.5 ± 3.3 1.7 ± 0.4
VHb (WT) 119.8 ± 11.4 33.3 ± 6.3 54.7 ± 6.2 8.4 ± 1.1
VHb (Tyr95Phe) 131.6 ± 15.6 14.6 ± 2.8 63.1 ± 8.7 3.1 ± 2.1
VHb (Tyr95Leu) 129.1 ± 12.5 16.1 ± 3.3 59.9 ± 7.3 2.6 ± 0.8
VHb (Tyr126Phe) 128.4 ± 15.2 68.4 ± 8.6 61.4 ± 5.7 15.8 ± 3.8
VHb (Tyr126Leu) 121.7 ± 11.6 78.5 ± 4.7 56.5 ± 4.6 23.6 ± 2.8
Data represent average of three independent experiments. Statistical signiﬁcance of values obtained was established using a P value of <0.05.
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suggests that higher levels of the Tyr126Leu mutant lower the
CDO levels irrespective of positive eﬀects on overall growth.
3.5. Molecular modeling and structural analysis of VHb
proximal site mutants altered at Tyr126
To understand the behavior of the Tyr126Leu mutant, we
used molecular modeling to see if any speciﬁc structural
change is predicted to have occurred within the proximal site
of VHb due to replacement of Tyr126 with leucine. We com-
pared the proximal site geometry of wild-type VHb with that0
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Fig. 2. CDO activity of E. coli expressing XylE along with either wild-type VH
JM109 strains carrying control plasmid (pVDX18), or recombinant plasm
Tyr126Leu (pxylEH12Leu) were grown in LB orminimal medium under vario
to measure CDO activity ofE. coli cells expressing XylE (CDO49), and XylE a
(CDO49Leu). CDO activity under high aeration in LB (A) and minimal mediof VHb mutants Tyr126Phe and Tyr126Leu. Neither the con-
formations of energy-minimized structures nor the secondary
structures of the mutants showed major deviations from the
structure of wild-type VHb. Close inspection of the proximal
site of VHb Tyr126Leu, however, indicated interesting varia-
tions in the surface of that mutant hemoglobin. The replace-
ment of Tyr126 with leucine creates an opening that
connects the outer surface with the distal heme cavity
(Fig. 3) generating an alternative port for ligand entry. This
opening was observed with both rotameric conformations of
leucine, suggesting that this change in the protein structureTime (hrs)
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ids co-expressing wild-type VHb (pxylE-VHb) or VHb H12 mutant
us aeration conditions (see Section 2). Cells were withdrawn periodically
long with wild-type VHb (CDO49VHb) or VHbH12mutant Tyr126Leu
um (B), and low aeration in LB (C) and minimal medium (D).
Fig. 3. Molecular modeling of VHb H12 mutant. Surface representation of VHb and its mutants with backbone shown in yellow ribbon. (A) Wild-
type VHb; (B) VHb Tyr126Phe; (C) VHb Tyr126Leu1; and (D) VHb Tyr126Leu2. The tyrosine residue and its variants at the H12 position are
shown as stick ﬁgures. Distal site of the heme is visible (red in color) through an opening in (C) and (D).
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protein. The diameters of the openings in the two conforma-
tions (two rotameric states of leucine; Tyr126Leu1 and
Tyr126Leu2) are approximately 7.5 and 9.3 A˚, respectively
(Fig. 3). No such opening in the structure, however, was indi-
cated for either the Tyr126Phe mutant or wild-type VHb.4. Discussion
Proximal heme interactions may play critical roles in deter-
mining hemoglobin functions [17]. The VHb proximal site is
diﬀerent from that of eukaryotic hemoglobins and is modu-
lated by a hydrogen-bonding network between proximal site
residues HisF8, TyrG5 and GluH23 [4] as observed in the glo-
bin module of ﬂavohemoglobins [8]. This closely resembles the
Asp-His-Fe triad of cytochrome c peroxidase, which controls
reduction potential and electronic structure of the heme iron
[18]. This study demonstrates the important role of proximal
site interactions in VHb function(s).
Tyr95(G5) generates two hydrogen-bonding interactions
within the VHb proximal site. In one case it interacts with
Glu137(H23) and His85(F8) (Fig. 1) keeping the imidazole
ring of the proximal histidine in its azimuthal orientation [4].
The mutation at Tyr95 in VHb shifts the redox potential in
a negative direction, which may increase the stability of the
Fe(III) form relative to the Fe(II) form. The IR spectra of
the CO adducts of the two Tyr95 mutants (Table 2) indicate
lower ligand bonding energies, higher ﬂexibility in the hemepocket and presence of multiple conformers. This, along with
the inability of the Tyr95 mutants to form stable oxyforms
and confer growth advantages to the host, suggests a vital role
of Tyr95 in modulating the function of VHb. This is substan-
tiated by the fact that the tyrosine at this position is conserved
in both the ﬂavohemoglobin family and many single domain
Hbs (Fig. 1).
Tyr95(G5) is also bonded with Tyr126(H12) in the VHb
proximal site. The presence of one major peak having a smaller
half bandwidth in the IR spectra of CO adducts of the Tyr126
mutants indicates the presence of a single conformer having
less ﬂexibility in the heme environment than wild-type VHb.
The minor eﬀects on oxygen binding of the Tyr126 mutants
(Table 1) may be due to loosening of the hydrogen-bonding
network within the proximal site of VHb by disruption of
the Tyr95-Tyr126 bond. These observations suggest that
Tyr95-Tyr126 bonding may not be vital for the structural
integrity and function of VHb. This is supported by molecular
modeling on VHb mutants, which indicates that the disruption
of Tyr95-Tyr126 bond might not signiﬁcantly aﬀect the native
orientation of the heme–iron and the tetra-interaction between
Fe-His85-Tyr95-Glu137. The increased NOD activity ob-
served in VHb H12 mutants may be due to a change in redox
potential of heme group which would aﬀect the ability of heme
bound oxygen to interact with NO. When these mutants were
subjected to a physiological screen, the Tyr126Leu mutant was
found to enhance growth and protein production of E. coli to a
greater extent than wild-type VHb. Molecular modeling stud-
ies suggest that a passage/tunnel occurs within VHb due to the
3500 R. Kaur et al. / FEBS Letters 582 (2008) 3494–3500Tyr126Leu replacement. Close inspection of this cavity indi-
cated that it might link the VHb distal heme pocket with the
outer surface (Fig. 3) to allow eﬃcient entry of ligands towards
the heme pocket. The diameter of the opening created in the
Tyr126Leu mutant (7–9 A˚) is similar to that observed in the
truncated hemoglobin, HbN, of Mycobacterium tuberculosis
in which the presence of tunnels within the protein matrix
plays a vital role in ligand entry and diﬀusion [19]. It is thus
possible that there is higher traﬃcking of oxygen by the
Tyr126Leu mutant in the vicinity of the respiratory apparatus
(due to the membrane association properties of VHb [20])
leading to enhanced energy generation. This, in turn, may lead
to better growth and recombinant protein production. This
model is supported by the observation that the Tyr126Leu mu-
tant enhances growth of E. coli to a greater extent than does
the Tyr126Phe mutant.
That an increased level of intracellular oxygen does occur in
cells bearing the Tyr126Leu VHb was further substantiated
when it was co-expressed with catechol 2,3-dioxygenase, which
is less stable under high oxygen due to rapid changes in the oxi-
dation state of its iron cofactor [12]. E. coli cells expressing the
Tyr126Leu mutant along with CDO displayed a signiﬁcant
drop in CDO activity as compared to isogenic cells carrying
native VHb or control cells not expressing any VHb. This ef-
fect was only observed when cells were cultivated in rich med-
ium where the intracellular content of VHb remains high (8–
10% of cellular protein). The drop in CDO activity may be
due to trapping and accumulation of a higher level of oxygen
in Tyr126Leu VHb due to the cavity structure (as described
above). This possibility is supported by the ﬁnding that the
inhibitory eﬀect of the Tyr126Leu mutant on CDO activity
was relieved in cells growing in minimal medium where the
VHb level of cells remains low (3–4% of cellular protein).
The work presented here provides the ﬁrst data concerning
proximal site mutants of VHb and demonstrates that (1) the
proximal site interactions involving Tyr95(G5) are important
for the heme environment and function of VHb; (2)
Tyr126(H12), which interacts with Tyr95(G5), does not con-
tribute signiﬁcantly to the structural integrity and redox envi-
ronment of the heme pocket; and (3) an opening on the
protein surface that connects the distal site of VHb with sol-
vent might be generated by replacing Tyr126. Considering
that the heme distal site of VHb has a disordered E helix
and clustering of distal side chains, a conventional gating
mechanism for the entry and exit of ligands may not be oper-
ative. The present study on engineering of a cavity within the
protein matrix of VHb thus provides a new approach to engi-
neer oxygen-binding properties of this unique bacterial hemo-
globin, which, in turn, may be of importance in its various
practical applications.
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